Abstract: The aim of current study is to investigate the in vitro and in vivo behavior of dental pulp stem cells (DPSCs) seeded on electrospun poly(e-caprolactone) (PCL)/gelatin scaffolds with or without the addition of nano-hydroxyapatite (nHA). For the in vitro evaluation, DNA content, alkaline phosphatase (ALP) activity and osteocalcin (OC) measurement showed that the scaffolds supported DPSC adhesion, proliferation, and odontoblastic differentiation. Moreover, the presence of nHA upregulated ALP activity and promoted OC expression. Real-time PCR data confirmed these results. SEM micrographs qualitatively confirmed the proliferation and mineralization characteristics of DPSCs on both scaffolds. Subsequently, both scaffolds seeded with DPSCs were subcutaneously implanted into immunocompromised nude mice. Scaffolds with nHA but without cells were implanted as control. Histological evaluation revealed that all implants were surrounded by a thin fibrous tissue capsule without any adverse effects. The cell/scaffold composites showed obvious in vivo hard tissue formation, but there was no sign of tissue ingrowth. Further, the combination of nHA in scaffolds did upregulate the expression of specific odontogenic genes. In conclusion, the incorporation of nHA in nanofibers indeed enhanced DPSCs differentiation towards an odontoblast-like phenotype in vitro and in vivo.
INTRODUCTION
In dentistry, the emergence of tissue engineering techniques presents a prospect for the development of natural tooth substitutes, which may provide a better solution than irreversible repair methods, for example, the use of dental restorations or oral implants. In general, dental tissue engineering requires three basic elements: an appropriate cell source, a biodegradable scaffold to serve as a temporary extracellular matrix (ECM) and optimal signals for cell functioning. Regarding the cell source, dental pulp-derived adult stem cells (DPSCs) are especially attractive because they showed potential for odontogenic differentiation and the ability to form a regular-shaped dentine-pulp complex. 1, 2 To support cell proliferation and function in vivo, a scaffold structure is often critical to recapitulate the in vivo milieu and to allow cells to influence their own microenvironment. 3 Recently, the electrospinning technique has been developed to synthesize highly porous nonwoven fabrics consisting of ultrafine fibers that mimic the architecture and mechanical properties of ECM of native tissues. 4, 5 Numerous studies have already shown the potential of electrospun scaffolds in bone regeneration, dermal reconstitution, cartilage repair, blood vessel and neural tissue engineering, but all aforementioned knowledge has never been involved in dental tissue engineering. [6] [7] [8] [9] [10] [11] The starting material in the electrospinning process can be chosen from both synthetic and natural polymers. For synthetic materials, however, the major disadvantage is the lack of cell recognition signals. This problem can be overcome by blending the synthetic substance with natural materials. For instance, poly(e-caprolactone) (PCL), a biodegradable and biocompatible polymer often used for bone tissue engineering, has been blended with gelatin to result in a new biomaterial with biocompatibility and good mechanical, physical and chemical properties. 8, 12 Although showing better biocompatibility, gelatin is rarely used for tissue engineering without crosslinking treatment. However, crosslinked gelatin may not degrade and nay loose its bioactivity. In the body temperature it may not readily dissolve and gradually leach away from the scaffold with time. In contrast, mixing gelatin with other (synthetic) polymers is a feasible approach that may not only reduce the potential problem of cytotoxins resulting from chemical crosslinking reagents, but also provides a compromise solution for overcoming the shortcomings of synthetic polymers. Therefore the rationale of the current study was to producing a new biomaterial based on non-crosslinked gelatin, blended with PCL. Such a material is hypothesized to exhibit good biocompatibility and improved mechanical and physical/chemical properties.
For dental tissue engineering it might be useful to further supplement the polymer materials with hydroxyapatite (HA), as HA is the major inorganic component of teeth, and has for instance been used extensively in dental pulp capping. 13 Especially nano-sized HA (nHA), mimicking the HA crystals in natural tissues, has been shown to induce a significant increase in protein absorption and cell adhesion, compared to micro-sized material. 14, 15 Meanwhile, nHA has a relatively high solubility compared with its micro counterpart and also contributes towards the hydrophilicity of the matrix. In general, it is required for the scaffold to possess optimal hydrophilicity for favorable cell adhesion and growth. Recent studies have already indicated that the addition of nHA in polymer scaffolds resulted in increased adhesion and growth of osteoblast-like cells. [16] [17] [18] Although DPSCs have similar properties as osteoblast-like cells, their response to scaffold materials is different. 19 Therefore, the main purpose behind our current study is to investigate DPSCs seeded on electrospun PCL/gelatin scaffolds with or without nHA. In our research strategy we will focus on quantifying the odontoblastic behavior of the cells both in vitro and in vivo by means of biochemical assays and PCR in addition to morphological observation. We hypothesize that electrospun scaffolds are adequate to support DPSCs, and furthermore that addition of nHA to a scaffold will enhance the differentiation process of adherent cells.
MATERIALS AND METHODS

Nano-hydroxyapatite synthesis and characterization
Nano-hydroxyapatite (nHA) was synthesized following a precipitation reaction. In brief, 0.3M orthophosphoric acid (H 3 PO 4 ) (Acros Organics, New Jersey, USA) was added drop wise to 0.5M calcium hydroxide (Ca(OH) 2 ) (Mallinckrodt Baker, New Jersey, USA) suspension under continuous stirring overnight at room temperature, while the pH was kept above 10.5 by the addition of ammonia solution. Then, the obtained precipitate was aged for one week at room temperature. After centrifugal washing with deionized water, the resultant was freeze-dried to obtain very fine particles.
To observe the morphology, one drop of an aqueous dispersion of the obtained particles was put on a Formvarcoated copper grid and air dried at room temperature. The dried grid was examined using a JEOL 1101 transmission electron microscope (TEM, JEOL, Tokyo, Japan). The crystallographic structure of the particles was verified using a Philips u-2u diffractometer (XRD, PW3710, Eindhoven, The Netherlands) with CuKa-radiation (40 kV, 30 mA). The scanning range was from 20 to 408 with a step size of 0.028. The chemical structure of the particles was examined using Fourier-transform infrared spectrometry (FTIR, Spectrum One, Perkin-Elmer) with an ATR accessory.
Electrospinning
The electrospinning dope without nHA was prepared from gelatin (Type A, approx. 300 Bloom, Sigma) and poly(e-caprolactone) (PCL, M n 5 80,000, Sigma). Gelatin and PCL were dissolved in 90% 2,2,2-trifluroethanol (TFE) (Acros Organics, New Jersey, USA) at a concentration of 12% w/v. The weight ratio of gelatin and PCL was fixed at 1:1 in this study. For the electrospinning dope containing nHA, a defined amount of nHA was suspended in the solvent by ultrasonic and vigorous stirring before adding the polymers. The polymer:nHA weight ratio was 5:1. For convenience, the electrospun PCL/gelatin scaffold is called F1, and PCL/gelatin/nHA as F2.
A commercially available electrospinning set-up (Advanced Surface Technology, Bleiswijk, The Netherlands) was used for the scaffold fabrication, as described previously. 20 Briefly, 10 mL of the prepared dope was fed into a syringe, which was controlled by a syringe pump (KD Scientific Inc., MA, USA) at a feeding rate of 2 mL/h. A Teflon tube was used to connect the syringe and a blunt-end nozzle with an inner diameter of 0.5 mm, which was set up vertically. The distance between the nozzle and a grounded collector was adjusted to 8 cm. A high voltage of 20 kV was applied to generate a polymer jet. The resulting fibers were collected on a piece of alumina foil, left in a fume hood overnight to eliminate the solvent residue and then kept in a desiccator for further experimentation.
The prepared electrospun fibrous sheets had a thickness of about 0.3 mm, and for the various assays circular discs with a diameter of 15 mm were punched out of these sheets. The morphology of the three types of fabricated scaffolds was observed by scanning electron microscopy (SEM, JEOL 6310, Japan) and TEM. The fiber diameters were measured from SEM micrographs obtained at random locations (n 5 100). A water wettability test was performed following a method described previously. 20 In brief, a drop of 10 lL deionized water was applied on the surface of the scaffolds and then photographed for contact angle calculation. All the scaffolds were tested in triplicate.
Cell seeding and culture STRO-1 selected rat DPSCs were obtained as described previously. 21 Before cell seeding, all scaffolds were sterilized and prewet in 70% ethanol for 30 min. After being washed in phosphate buffer saline (PBS), they were incubated in a-MEM supplemented with 10% fetal calf serum (FCS) overnight. Then, the rat DPSCs were seeded onto both types of scaffolds by incubating in a suspension of 5.0 3 10 6 cells/mL while gently rotating at 6 rpm for 3 h. For every 6 scaffolds, 1 mL cell suspension was used. Then, the cell-scaffold complexes were transferred into 24-well plates and cultured in a-MEM supplemented with 10% FCS, 10 mM sodium b-glycerophosphate, 10
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M dexamethasone, L-ascorbic acid (50 lg/mL), and gentamycin (50 lg/mL). Culture medium was refreshed at 2 or 3-day intervals.
Cell proliferation and alkaline phosphatase activity
To assess the proliferation rate of the cells, total DNA content (n 5 3) was measured by a PicoGreen dsDNA quantification kit (Molecular Probes, Leiden, The Netherlands) on day 1, 4, 8, 16, and 24 postseeding as described previously. 1 In brief, after washing twice in PBS, each scaffold was transferred to a tube and 1 mL of deionized water was added to lyse the cells. Thereafter, the cellscaffold complexes together with the 1 mL water were subjected to a freeze-thaw cycle and sonicated for 15 min. Then, 100 lL of PicoGreen working solution was added to 100 lL of supernatants of the samples. Subsequent to 2-5 min of incubation, the DNA was measured on a fluorescence microplate reader (Bio-Tek Instruments Inc., Winooski, VT, USA), with excitation of 265 nm and emission of 450 nm, and the DNA amounts were calculated from a standard curve.
The same supernatants of the samples were also used to measure alkaline phosphatase (ALP) activity (n 5 3). Twenty lL of 0.5 AMP buffer (Sigma) was added to 80 lL of the samples or standards. Next, 100 lL of substrate solution was added and the mixtures were incubated at 378C for 1 h. ALP activity was measured at 405 nm, using an ELISA microplate reader (Bio-Tek Instruments Inc., Winooski, VT, USA).
Osteocalcin assay
The deposition of osteocalcin in the extracellular matrix was used as a marker of late differentiation of DPSCs. The amount of osteocalcin was measured by an enzyme immunoassay (EIA; Biomedical Technologies, Inc., Stoughton, MA, USA) according to the instructions of the manufacturer. Briefly, cell/scaffold composites (n 5 3) were treated at day 16 and 24 by 0.5 mL sample buffer at 48C overnight after washing twice with PBS. Then, the supernatants were collected and assayed according the manufacture instruction. A rat osteocalcin standard solution was diluted to generate a standard curve (0-40 ng/mL).
Scanning electron microscopy (SEM)
On day 1, 4, and 16 after cell seeding, cell-scaffold complexes (n 5 2) were washed in PBS twice and fixed in 2% glutaraldehyde for 15 min. Then, the samples were dehydrated in graded series of ethanol and air-dried in tetramethylsilane (Merck, Germany). After gold sputtering, the specimens were examined with a JEOL 6310 SEM (Tokyo, Japan). As a blank control, F2 scaffolds were investigated, which were incubated in the same culture medium but without cells.
Real-time quantitative PCR
On day 4, 8, and 16 after cell seeding, total RNA of every sample (pooled from six scaffolds) was prepared with Qiagen RNEasy kit (RNeasy kit, QIAGEN, Venlo, The Netherlands). Then, 1 lg of total RNA was used to perform the reverse transcriptase (RT)-reaction. The obtained cDNA was used as a template in PCR. The odontogenic differentiation of cells was monitored by specific markers, osteocalcin (OC), bone sialoprotein (BSP), dentin sialophosphoprotein (Dspp) and dentin matrix protein 1 (Dmp1). GAPDH was used as house-keeping gene to normalize RNA expression. The rat specific primers were used in the current study as described previously. 21 Real-time PCR was performed using SYBR Green PCR kit (Eurogentec, Liege, Belgium) and controlled in a spectrofluorimetric thermal iCycler 1 (BioRad, The Netherlands). DNA amplifications were performed under the following conditions: 2 min at 508C, 10 min at 958C, 40 cycles of 15 s at 958C and 1 min at 608C, followed by data collection in the last 30 s. After the real-time PCR run, the Ct-value showed how many PCR cycles were necessary to obtain a certain level of fluorescence. Amplification efficiency of different genes was determined relative to GAPDH as an internal control (DCt 5 Ct gene -Ct GAPDH ). The mRNA in each sample was calculated by comparative DDCt (DCt gene -DCt control ) value method. 22 Each sample was assessed in triplicate.
In vivo analysis 5-3% ). The backs of the mice were cleaned and disinfected with povidone-iodine. On each flank, parallel to the spinal column, one small incision of about 10 mm was made through the skin. Using blunt dissection, subcutaneous pockets were created. Each scaffold was folded twice into a 4-layer fan shape and inserted into the pocket. Each mouse received always two implants of different groups. After implant placement the wounds were closed using staples.
After 4 and 8 weeks of implantation, the samples were retrieved. Four samples of each group were fixed in formalin, dehydrated in a series of ethanol, and embedded in methylmethacrylate (MMA). After polymerization of the MMA, at least three thin transversal sections (10 lm) of each tissue block were made using a modified sawing microtome technique. 23 The sections were stained with methylene blue/basic fuchsin and analyzed using light microscopy.
The remaining four samples of each group were used for real-time PCR analysis. Fibrous tissue capsules and other surrounding tissues were removed immediately after the retrieval of the samples. The scaffolds together with the interstitial tissues were cut into small pieces and transferred to liquid nitrogen immediately. All following procedures were performed as described above and OC, BSP, Dspp and Dmpl gene expression level was determined.
Statistical analysis
Statistical significance was evaluated using one way-ANOVA with post hoc Tukey testing. p < 0.05 was considered significant. Data are represented as mean 6 standard deviation (SD).
RESULTS
Characterization of nano-hydroxyapatite
The TEM micrograph (Fig. 1) showed that the obtained particles were rod-like in shape with a length of 50-80 nm. Further, XRD was used to identify the crystallographic structure of the particles. The result, as shown in Figure 2(A) , indicated the Bragg peaks appearing approximately at 25.98, 31.88, 32.98, and 34.18 in 2-Theta corresponding to the characteristic reflections of 002, 211, 300, and 202 of HA structure, respectively (JCPDS #09-0432). Chemical functionality of the nHA was determined from the FTIR spectrum [ Fig. 2(B 21 were assigned to PO 4 32 . In addition, CO 3 22 was recorded by weak bands at 876, 1420 and 1473 cm 21 , indicating a small amount of substitution of CO 3 22 ions into the apatite.
Characterization of scaffolds
SEM micrographs revealed that the electrospun scaffolds were composed of randomly oriented fibers, with an average fiber diameter of 161 nm (F1), and 281 nm (F2), respectively [ Fig. 3(A,B) ]. In TEM observation, the surface of F2 [ Fig. 3(D) ] was much coarser compared with that of F1 [ Fig. 3(C) ] because of the dispersion of nHA particles. In some regions of the fibers, the nanoparticles were well dispersed along the fiber axis, whereas in other regions they tended to aggregate. The porosity of the scaffold greatly differed in size and appearance because of the random orientation and interconnection of the fibers. In general the pore diameter ranged from several hundred nanometers to tens of micrometers.
During the water wettability test, the water drops were fully absorbed by all three types of scaffolds, indicating the hydrophilic character of all materials. However, an exact contact angle could not be assessed (i.e. apparent contact angle of 08).
Cell proliferation and ALP activity
DNA measurement [ Fig. 4(A) ] for all groups showed an exponential growth until day 16, followed by a decrease. However, the F1 group had a significantly greater DNA content than the F2 (day 4, 8, and 24) groups. The ALP activity of rat DPSCs cultured on the different scaffold materials is depicted in Figure 4 (B). The ALP activity gradually increased from day 1 and reached a peak value on day 16. The cells cultured on scaffold F2 showed significantly higher levels on day 8 and 16, compared to F1.
Osteocalcin deposition
The deposition of osteocalcin was measured on days 16 and 24 after cell seeding. No significant differences in osteocalcin were observed between F1 (8.42 6 1.98 ng/mL) and F2 (9.46 6 1.32 ng/mL) on day 16. However, compared with F1 (14.36 6 2.14 ng/mL), a significantly higher level was observed for F2 (22.14 6 4.54 ng/mL) on day 24 (p < 0.01).
Cell morphology
Upon visual inspection the fibrous morphology of all the scaffolds retained unaltered for the 16-day culturing period. One day postseeding, cells adhered well and gradually spread similarly on the surfaces of both scaffolds [ Fig. 5(A,B) ], and showed obvious proliferation towards day 4 [ Fig. 5(D,E) ]. On day 16, a noticeable amount of mineralized globular accretions was observed on the cell-scaffold complexes [ Fig. 5(G,H) ]. The blank F2 scaffolds without cells did not demonstrate obvious morphological changes or spontaneous mineralization during the 16 days of incubation [ Fig. 5(C,F,I) ]. The mineral nature of the deposits was confirmed by energy dispersive X-ray spectroscopy (EDS) analysis, which revealed the presence of calcium and phosphorous deposit at a Ca:P ratio of 1.5-1.6. 
Real-time PCR
Expression levels of mRNA for OC, BSP, Dspp and Dmp1 were compared on day 4, 8, and 16. The mRNA expression level of cells from F1 scaffolds at day 1 of incubation was set as baseline control with a relative expression value of 100%. The expression levels of OC and BSP showed obvious upregulation post 8 days of incubation on all materials, and F2 scaffolds showed a significantly higher level compared to the F1 scaffold [ Fig. 6(A,B) ]. The mRNA expression of Dspp was significantly higher for cells on F2 scaffolds at 8 days of incubation. At 16 days of incubation, expression increased abruptly for both materials, but the F2 scaffold showed a significantly higher level compared to F1 [ Fig. 6(C) ]. Finally, the expression of Dmp1 increased over time, and at 8 and 16 days of incubation the F2 scaffolds obviously had higher levels compared to F1 scaffolds [ Fig.  6(D) ].
In vivo analysis
All mice appeared to be in good health throughout the test period. There were no symptoms of severe inflammation at the implantation sites. After sacrifice, all implants were retrieved with the surrounding soft tissues intact.
Light microscopic evaluation
Histological observation indicated that all experimental and control electrospun nanofiber implants were surrounded by a thin fibrous tissue capsule of 4-6 layers of fibroblasts in thickness, closely following the outer perimeter of the scaffold. Inflammatory cells were only sporadically present. As all the scaffolds have been folded twice before implantation, the four-layer structure can be observed as well. Further, there was no sign of tissue ingrowth or infiltration for all of the implanted scaffolds. Also, it was noted that the F2 scaffolds were partially stained red [ Fig. 7(H,I) ], but it can be easily distinguished from the newly formed bone-like hard tissue which was also stained red with blue cell nuclei inside.
In detail, after the 4-week implantation time, both F1 and F2 composite nanofibrous implants seeded with DPSCs intermittently indicated hard tissue formation. The newly formed hard tissue was resided mainly on the surface of the lamellae of materials [ Fig. 7(A,B) ]. After 8 weeks of implantation, both groups showed more hard tissue formation compared to the 4-week group [ Fig. 7(D,E) ]. On the other hand, no evident hard tissue formation occurred in the implants of F2 scaffold material without cell seeding during the 8-week implantation period [ Fig. 7(C,F) ].
At higher magnification, no significant differences was discovered between F1 and F2 with cells of both implantation periods. Distinct new bone-like hard tissues were observed with entrapped osteocyte-like cells and osteoblast-like cells lying orderly arranged at the surface [ Fig. 7(G,H) ]. For the control group (F2 without cells), only an orderly arranged thick fibrillike extracellular matrix (ECM) was seen along the surface of materials after 8 weeks of implantation [ Fig. 7(I) ].
Real-time PCR
In the real-time PCR analysis (Fig. 8) , the mRNA expression levels of DPSCs seeded on F1 before implantation (day 4) were set as baseline control (relative expression value, 100%). The mRNA levels for OC, Bsp, Dspp, and Dmp1 expression increased during implantation time form both cell-seeded F1 and F2 scaffolds. Further, both groups revealed a similar expression profile for these genes. However, the cell-seeded F2 scaffolds indicated significant upregulation of expression of all four measured genes compared to the cell-seeded F1 scaffolds for both implantation periods. As for the control group (F2 without cells), no expression of these four genes was found during the whole 8-week implantation.
DISCUSSION
In this study, two kinds of composite fibrous scaffolds were successfully spun (F1 and F2), which all had fiber diameters of less than 500 nm. The average diameter of F1 was smaller compared to F2, indicating that the addition of nHA augments the fiber size. The concentration of nHA used in this study was based on the literature, and chosen in such a way to avoid agglomeration of the nanoparticles. 24, 25 However, some heterogeneity of nHA distribution in the electrospun fibers could still be observed under SEM. In future studies, the addition of a surfactant should be considered to avoid this problem. 26 Subsequently, rat DPSCs were seeded on the electrospun nanocomposite scaffolds. The SEM micrographs showed that cells attached and spread well on the surfaces of both scaffolds from day 1 post seeding. Such a response indicates good cyto-compatibility and close interaction of the nanofibers with rat DPSCs. Previous investigations also showed favorable cell-scaffold interactions on electrospun scaffolds for bone cells, fibroblasts, neural cells and smooth muscle cells. 27 This may be due to morphological advantages of electrospun scaffolds, for example, the ultrafine fiber size comparable to natural ECM and combined with a high specific surface area and porosity. Analogous with the cell types mentioned, DPSCs are anchorage-dependent cells, and thus the unique morphology of electrospun scaffolds may also aid DPSC attachment and migration.
Further, the effect of adding nHA to the electrospun scaffold was studied. The results from the DNA assay showed that the addition of nHA did not present an advantage for cell attachment and growth, which is in contrast with a previous study of Kim et al., who showed that electrospun nanocomposite fibers of HA/poly(lactic acid) (PLA) enhanced cell adhesion and proliferation compared to the pure polymer material. 17 An explanation might be that PLA is hydrophobic, and the subsequent blending of HA powder improves the hydrophilicity of the PLA resulting in enhanced cell adhesion and proliferation. 17 The currently used composite of PCL and gelatin already possesses hydrophilic properties as indicated by the water wettability test, which is not further increased by the addition of HA.
Among the analyzed phenotype markers, ALP is regarded as an early marker of osteo/odontogenic differentiation and expressed during the postproliferative period of extracellular-matrix maturation, indicating the potential of hard tissue formation. OC is a noncollagenous protein present in both dentin and bone matrix and expression occurs later during the final period of ECM mineralization. 28 The ALP data revealed that both scaffolds supported the differentiation of DPSCs and also indicated that the addition of nHA (F2) can promote this differentiation process compared to pure PCL/gelatin material (F1). These results corroborate with a previous study on the behavior of bone cells. 17 Although the underlying mechanism for this phenomenon is not clear, a hypothesis is that the inclusion of bioactive HA results in dissolution and precipitation of calcium and phosphate ions out of the fiber surface layer, resulting in the formation of a microenvironment that resembles the natural pulp and stimulates odontogenic differentiation. 29 It is known that the size, morphology and structure of HA all influence the biological response, and thus it seems possible that nano-sized HA with a high solubility will have a marked influence on the bioactivity. 18, 30 The effect of the composite with nHA on DPSCs differentiation was also evidenced by the increased deposition of OC in the ECM. This corroborates other studies that have demonstrated the cytoactive nature of HA.
31,32 The mRNA expression levels of OC, BSP, DSPP, and DMP-1 were chosen as markers for the odontogenic phenotype. Analogous to OC, BSP is regarded a late marker for osteoblast differentiation and plays an important role in hard tissue regeneration. 28 Dspp is the major noncollagenous protein in dentin and plays a crucial role during dentin mineralization. [33] [34] [35] Dmp1 is another specific protein in dentin, and is a candidate gene for dentinogenesis imperfecta. 36 It was observed that the mRNA expression profiles of both groups in our study showed similar profiles. Moreover, important differences occurred from day 4 to 16. The expression of OC, BSP, Dspp and Dmp1 was most effectively enhanced by the addition of nHA to the fibers (F2), compared to the F1 group. In the current study, the RT-PCR data matches the protein expression data fairly well. However, the expression of mRNA is always prior to protein expression. The expression of the markers offers strong evidence that: (1) DPSCs differentiate towards odontoblast phenotype, and (2) the addition of nHA indeed promotes this differentiation efficacy.
In the in vivo part of our study, the implants showed abundant soft tissue reaction without evoking a severe inflammatory response, which evidenced the biocompatibility of the used electrospun materials. Still, newly formed bone-like hard tissue was found only in limited quantity in the electro- spun implants loaded with DPSCs when compared to our previous study. 37 The divergent in vivo results can be attributed to the small pore size of the electrospun fibrous scaffolds, which limited the space for new tissue formation and ingrowth. A previous study claimed that a similar gelatin/PCL electrospun fibrous structure allowed a cellular penetration or infiltration into the scaffold, but it was evidenced by confocal microscopy in a in vitro cell culture system. 12 An uneven surface might cause the artifacts. Furthermore, a typical dentin-pulp-like structure could not be observed on the scaffolds, even though Dspp and Dmp1 were present as observed by the real-time PCR, which is in line with the results of the previous studies. 37, 38 This study demonstrates that the addition of nHA in the electrospun scaffolds has positive effect on the differentiation of DPSCs. One of the potential clinical applications of this DPSC loaded electrospun scaffold may be the regeneration of the dentin-pulp complex via dental pulp capping procedure. 39 The current pulp capping materials, such as calcium hydroxide and calcium phosphate cement, are not able to really induce new tissue formation, neither chemically stable for cell loading. 40, 41 The flexibility of electrospun scaffolds facilitate the application of DPSCs in the pulp cavities in order to help new tooth tissue generation. 39 However, to actually progress to potential therapeutic application towards dentin regeneration, improved scaffold designs in composition as well as morphology are essential. Especially, the appropriate pore structure and nHA content of materials should be further tailored to augment the efficacy of hard tissue formation.
CONCLUSION
In conclusion, the results of present study showed that electrospun composite scaffolds made of PCL/ gelatin/nHA and PCL/gelatin, supported the proliferation and odontogenic differentiation of DPSCs. Furthermore, the data indicated that both in vitro and in vivo odontogenic differentiation of the seeded rat DPSCs can significantly increased by the addition of nHA. However, it has to be emphasized that the small pore size of the electrospun scaffolds hindered tissue ingrowth. Control PCL/gelatin/nHA scaffolds without cells did not support bone-like tissue formation in vivo.
